Topoisomerase II resolves intrinsic topological problems of doublestranded DNA. As part of its essential cellular functions, the enzyme generates DNA breaks, but the regulation of this potentially dangerous process is not well understood. Here we report singlemolecule fluorescence experiments that reveal a previously uncharacterized sequence of events during DNA cleavage by topoisomerase II: nonspecific DNA binding, sequence-specific DNA bending, and stochastic cleavage of DNA. We have identified unexpected structural roles of Mg 2þ ions coordinated in the TOPRIM (topoisomerase-primase) domain in inducing cleavage-competent DNA bending. A break at one scissile bond dramatically stabilized DNA bending, explaining how two scission events in opposing strands can be coordinated to achieve a high probability of double-stranded cleavage. Clamping of the protein N-gate greatly enhanced the rate and degree of DNA bending, resulting in a significant stimulation of the DNA cleavage and opening reactions. Our data strongly suggest that the accurate cleavage of DNA by topoisomerase II is regulated through a tight coordination with DNA bending.
T he double helical nature of DNA imposes intrinsic topological problems during replication, repair, and transcription (1) (2) (3) . Additionally, the topological state of the genetic material needs to be tightly regulated in order to promote proper biochemical interactions between DNA and a variety of proteins (1) (2) (3) (4) . Topoisomerases are enzymes that resolve topological problems within the double helix by repeated cycles of DNA cleavage and ligation (1-3, 5, 6) .
As a subclass of the topoisomerase family, type II topoisomerases are found in all organisms from bacteria to human, and even in some viruses (1-3, 5, 6) . The essential roles of type II topoisomerases in cell metabolism, differences between bacterial and human homologues, and hyperactivation of these enzymes in cancer cells have been utilized for clinical treatments of bacterial infections and numerous cancers (3, (7) (8) (9) .
Extensive studies for more than twenty years have established that type II topoisomerases use a "two gate" mechanism for DNA strand passage (3, 10, 11) , in which a DNA duplex (the transport or T-segment) is transported through an enzyme-mediated transient opening in a separate DNA duplex (the gate or G-segment). The directionality of strand passage is the N-terminal gate of the enzyme to the C-terminal gate. As a result of the double-stranded DNA passage mechanism, each catalytic event changes the linking number of DNA by two. The transport of the T-segment through the G-segment is thought to be initiated by the N-gate clamping motion induced by the binding of ATP to the enzyme (3, 6, 10, 12) .
Although the double-stranded DNA breaks generated by type II topoisomerases are essential for the cellular functions of these enzymes, it is a dangerous process in which an aberrant operation can damage chromosomal integrity. In fact, widely prescribed anticancer and antibacterial drugs initiate cell death by increasing the cellular concentration of topoisomerase II-mediated DNA strand breaks (3, (7) (8) (9) . Thus, the DNA cleavage reaction of type II topoisomerases needs to be tightly regulated.
Despite the paramount importance of the cleavage reaction of type II topoisomerases in biology and practical medicine, many fundamental questions concerning the regulation of the cleavage reaction remain unanswered. For instance, decades of biochemical studies revealed that the DNA cleavage reaction occurs only at specific sequences (13) , but it is not understood how the cleavage sites are selected. In most in vitro assays, the cleavage efficiency of type II topoisomerases is very low (3) . However, a mechanism to increase the enzymatic cleavage efficiency of type II topoisomerases has not yet been identified. In contrast to the low cleavage efficiency of type II topoisomerases, the probability of a double-stranded break is extremely high, suggesting that cleavage of the two separate strands is efficiently communicated. However, the communication mechanism has not yet been delineated.
Here we report single-molecule fluorescence resonance energy transfer (FRET) assays (14) that monitor the individual reaction steps of the interaction between human topoisomerase IIα (hTopoIIα) and DNA. Similar methodologies using different labeling schemes recently have been used to monitor opening of the G-segment DNA and narrowing of the N-gate in Drosophila topoisomerase II and Escherichia coli gyrase, respectively (15) (16) (17) . Results of the present study strongly suggest the following: (i) a sharp bend in DNA is dynamically induced by the enzyme as a prerequisite to the cleavage reaction; (ii) although the DNA binding step appears to be nonspecific with regard to DNA sequence, bending was observed only with cleavable sequences, indicating that the deformability of DNA sequences is an important determinant of G-segment selection. (iii) the interaction of divalent metal ions with the highly conserved acidic residues in the TOPRIM (topoisomerase-primase) domain is critical for DNA bending, revealing an unexpected structual role for divalent ions in the enzymatic function of type II topoisomerases; (iv) a break at one scissile bond dramatically increases the bending lifetime, providing a physical mechanism for the coordination of double- To whom correspondence may be addressed. E-mail: neil.osheroff@vanderbilt.edu or shohng@snu.ac.kr.
This article contains supporting information online at www.pnas.org/lookup/suppl/ doi:10.1073/pnas.1115704109/-/DCSupplemental. stranded breaks; (v) the rate and degree of DNA bending are greatly enhanced by clamping of the protein N-gate, resulting in a great stimulation of DNA cleavage and opening, which is disfavored under normal conditions. Overall, our work provides evidence that Mg 2þ -mediated DNA bending by topoisomerase II is the basis for both the cleavage site selection and the regulation of double-stranded DNA cleavage by the enzyme.
Results
Observation of Single-Enzyme Binding Events. A partial DNA duplex containing a central cleavage site for hTopoIIα (18) and flanking FRET probes (Cy3 and Cy5) was prepared [clv (DNA construct) in SI Appendix, Fig. S1; Fig. 1A] . The duplex has a biotinylated single-stranded overhang to avoid any potential steric hindrance caused by surface immobilization. After immobilizing DNA molecules on a polymer-coated quartz surface, hTopoIIα was delivered into a detection chamber, and the fluorescence signals of single DNA molecules were monitored using a total-internalreflection fluorescence microscope (Fig. 1B) .
In the absence of enzyme, fluorescence intensities showed a single-state behavior with small fluctuations limited by shot-noise (SI Appendix, Fig. S2 ). Upon addition of hTopoIIα, however, large intensity jumps with appreciable dwell times were observed (Fig. 1C) . The frequency of the intensity jumps increased linearly with enzyme concentration (Fig. 1D , SI Appendix, Fig. S3A ), while the lifetime of the high intensity state did not show any appreciable change over the examined enzyme concentration range ( Fig. 1E ; SI Appendix, Fig. S3B ). Thus, we infer that the intensity jumps correspond to the binding events of single enzymes (19, 20) . The association rate constant obtained from the enzyme titration experiments in Fig. 1D (1.26 × 10 8 M −1 s −1 ) shows that the association step is diffusion limited (21, 22) . Thus, hindrance of DNA-enzyme interactions by dye-labeling or surface immobilization is negligible. This conclusion is further supported by the fact that similar dissociation constants were obtained in singlemolecule and bulk studies (SI Appendix, Fig. S4 ). As expected from a diffusion-limited binding event, the association rate was similar at varying salt concentrations (SI Appendix, Fig. S5A ). The dissociation rate, however, rapidly decreased at lower salt concentrations (SI Appendix, Fig. S5B ), indicating that the dissociation constant is very sensitive to ionic strength (23) .
Mg 2þ -Induced DNA Bending as a Prerequisite for the Cleavage Reaction. Remarkably, in the above experiments, which were performed in the absence of divalent ions, FRET efficiencies remained constant (E ¼ 0.27) during the repeated association/ dissociation events of the enzyme (Fig. 1C) . In the presence of 5 mM Mg 2þ , however, the situation changed dramatically. Large FRET jumps (from E ¼ 0.27 to E ¼ 0.50) were observed in some of the enzyme-DNA binding events ( Fig. 2A, top) , indicating that a substantial amount of DNA deformation was stochastically induced by hTopoIIα. Similar FRET jumps were observed in the presence Ca 2þ (SI Appendix, Fig. S6 ). The FRET jump, however, was not observed when a noncleavable DNA sequence was used as the substrate (24) (non-clv in SI Appendix, Fig. S1 ; Fig. 2A , middle), but became more frequent and stable when a nick was introduced in one of the two scissile bonds of the cleavage sequence (clv-nick in SI Appendix, Fig. S1 ; Fig. 2A , bottom; SI Appendix, Fig. S7B ). Introduction of a nick in non-clv, however, did not induce any FRET jump during enzyme binding events (SI Appendix, Fig. S8 ). Combining the above observation with the knowledge that a nick in one strand greatly increases the cleavage efficiency of the opposite strand (25, 26) , we conclude that DNA deformation induced by hTopoIIα occurs in a sequence-specific fashion with a strong correlation between the cleavage efficiency and the population of the deformed state ( Fig. 2A, right) .
Sharp bending of the G-segment DNA is supported by a number of experiments including recent high-resolution X-ray structures, atomic force microscopy, and FRET (27) (28) (29) (30) (31) . With this context in mind, the FRET jumps specifically observed only in cleavable sequences in Fig The requirement of Mg 2þ ions for DNA bending is reminiscent of the critical role of divalent ions in G-segment cleavage (32) . This requirement raises a question as to whether the bending conformation observed in the previous experiments represents a precleavage complex or a product of the cleavage reaction. To address this issue, we investigated how fast DNA duplexes were trapped in the cleavage state by an anticancer drug such as etoposide at saturating concentrations (SI Appendix, Fig. S10 ). A recent high-resolution X-ray structure (33) shows that etoposide stabilizes the cleavage complex by intercalating between the bases of the cleaved scissile bond (3, 7, 34) , providing an indirect way to monitor DNA cleavage events. Fig. 2D shows representative time traces of a real-time buffer exchange experiment-hTopoIIα and etoposide were added to the clv-immobilized detection chamber (black line) while single-molecule FRET images were being taken. With the 1-s time resolution used in the experiment, individual binding and bending events could not be detected clearly. Instead, irreversible trapping events to the high FRET state occurred very slowly, with an average trapping time of 12 min ( Fig. 2E ; SI Appendix, Fig. S11 ). This finding indicates that most of the bending population ( Fig. 2A, top right) is not cleaved, suggesting that it represents a precleavage complex. This conclusion is supported by several lines of evidence. First, previous studies discovered that only a small fraction of the topoisomerase II-DNA complex (less than 1% for clv) is trapped in the cleavage state (3, 18, 35) . Second, significant bending of clv was observed in single-molecule FRET studies that employed a nonreactive mutant hTopoIIα, Y805F, in which the catalytic tyrosine was replaced with a phenylalanine (SI Appendix, Fig. S12 ). Thus, DNA cleavage is not required for bending. Consistent with this conclusion, the existence of a precleavage complex with a sharp bend but no cleavage of the G-segment has been reported in two recent X-ray crystal studies (29, 36) . On the basis of these observations, we conclude that the cleavage reaction of type II topoisomerases goes through three distinct and well ordered reaction steps: nonspecific enzyme-DNA binding, sequence-specific DNA bending, and finally, cleavage. This conclusion is consistent with the previous observation that the DNA site-selection step of topoisomerase II appears to occur after initial binding but before cleavage (24, 37) . Taken together, we propose that the cleavage efficiency of a DNA sequence is not related to its binding affinity (24, 37) , but rather to its deformability. The above observation revealed an unexpected role of Mg 2þ ions in the cleavage reaction of topoisomerase II; they are critical for inducing the large-scale structural change of G-segment DNA into a cleavage-competent form. Because the traditional view has been that divalent ions coordinated at the reaction center by interacting with acidic residues in the region play mainly a catalytic or structural role (Fig. 3A) (29, 30, 36, (38) (39) (40) , we asked whether those interactions also are involved in DNA bending.
To address the question, we performed Mg 2þ titration experiments with mutant hTopoIIα proteins in which the highly conserved acidic residues in the TOPRIM domain that bind the active site metal ions (E461A, D541A, or D543A) were replaced with alanine. In bulk DNA cleavage assays, the cleavage reaction of hTopoIIα was greatly hampered by these mutations (32) .
Single-molecule FRET studies revealed that all of these mutations had significant consequences for DNA bending (Fig. 3 B-E) . In E461A, the bending population was mildly reduced, but the FRET value corresponding to the bent conformation was clearly distinguished from that of the wild-type enzyme (red in Fig. 3C ). In D543A, both the DNA bending population and the FRET value corresponding to the bending conformation were greatly reduced (Fig. 3E) . In 541A, two distinct bending conformations were observed whose FRET values were clearly distinguished from those induced by wild type, hTopoIIα, and the overall population of those bent states was much more populated (Fig. 3D) . Qualitatively similar results were observed in the corresponding cysteine mutants (SI Appendix, Fig. S13 ). Collectively, these results illustrate that the conserved acidic residues in the TOPRIM region (E461, D541, and D543), which are responsible for binding the active site metal ions (30, 32) DNA, per se, is not sufficient for DNA cleavage, but a more detailed coordination of protein, DNA, and divalent ions is required.
Coordination of Double-Stranded DNA Breaks Through DNA Bending.
Next, we addressed what happens to the bending conformation when a single-stranded break is generated at the scissile bond on one of the DNA strands. To trap rare cleavage events, we prepared a DNA duplex whose 3′-bridging oxygen at one of the scissile bonds was replaced with a sulfur atom (clv-S in SI Appendix, Fig. S1 ). The sulfur atom at the cleavage site stabilizes the cleavage complex by blocking (or greatly inhibiting) the ligation process ( Fig. 4A ) (25) . Thus, we expected that irreversible cleavage events in the modified strand might be kinetically distinguished from transient bending events without cleavage. Fig. 4B shows representative time traces of a real-time buffer exchange experiment-10 nM hTopoIIα was added to the clv-S-immobilized detection chamber (black dashed line) while single-molecule FRET images were being taken. As in Fig. 2D , irreversible trapping events to the high FRET state were observed, resulting in the accumulation of the high FRET population with the time constant of 8.1 min ( Fig. 4C ; SI Appendix, Fig. S14 ). This kind of irreversible trapping event was not observed in clv, and it was interpreted as the cleavage events in the sulfur-modified strand. Because ligation of the unmodified strand is not affected by the phosphorothiolation in the opposite strand (26) , it is expected that DNA cleavage and ligation are continuously taking place in the unmodified strand even after the sulfur-modified strand is irreversibly cleaved. Therefore, the above observation provides a clue for an intriguing question as to how cleavage reactions in both strands are coordinated (25, 26, 41) . Once one strand is cut, the cleavage probability of the other strand is greatly enhanced through an elongated dwell time of the cleavage-competent bending complex. Consistently, long-lived bent states of clv were observed with a rare but sufficiently higher probability than expected from the existence of single bending conformation with 0.27-s lifetime (SI Appendix, Fig. S15 ). With this finding in mind, the dramatic increase of the bending lifetime of a nicked sample (SI Appendix, Fig. S16 ), and the resulting increase of cleavage efficiency can be understood in the same context.
Coordination of Cleavage and Opening of Gate-DNA with the N-Gate
Clamping Motion of the Enzyme. Our single-molecule observations and previous bulk cleavage assays consistently indicate that the DNA cleavage reaction of hTopoIIα is tightly down-regulated under normal reaction conditions (3, 18, 35) . cleavage (41) (42) (43) (44) (45) . To understand the coupling mechanism, we investigated how N-gate clamping affects the DNA bending, cleavage, and opening events of the G-segment. To this end, we carried out injection experiments with AMPPNP, a nonhydrolyzable analogue of ATP (42) . Compared to Fig. 2A , AMPPNP dramatically affected the DNA-enzyme interaction (Fig. 5A ). The population of bent DNA increased more than fourfold, and the FRET value corresponding to the bent conformation shifted to higher value (Fig. 5B) . This finding suggests that N-gate clamping induces a greater deformation of the gate-DNA. Analysis of association/dissociation and bending/straightening kinetics revealed that the most dramatic change occurred in the bending and dissociation steps ( Fig. 5C; SI Appendix, Fig. S17 ), resulting in numerous bending events of DNA duplexes during single encounter with an enzyme.
Next, we investigated the effects of N-gate clamping on the cleavage reaction of hTopoIIα. Compared to the slow rate of DNA cleavage observed in the absence of AMPPNP (Fig. 2E ) (12 min trapping time on average, which corresponds to 330 encounters between DNA and the enzyme), trapping events occurred very rapidly (Fig. 5D) , requiring an average of just 2.2 DNA encounters with the enzyme (Fig. 5E) . Therefore, we conclude that N-gate clamping of hTopoIIα enhances the cleavage of gate-DNA as well as its bending, which is confirmed by the ensemble cleavage assay (SI Appendix, Fig. S18 ).
Finally, we investigated whether N-gate clamping induced an opening of the DNA gate. Because the previous labeling scheme was not sensitive to DNA gate opening, we designed a different labeling scheme, in which opening of DNA gate is expected to induce a transition to a low FRET state (Fig. 5F ). With the new labeling scheme, transitions to low FRET states were observed only in the presence of AMPPNP (Fig. 5 G and H) . This finding suggests that opening of DNA gate is tightly coupled with the clamping motion of the N-gate. Intriguingly, an apparent change in DNA bending and opening was not observed in the presence of ATP (SI Appendix, Fig. S19 ).
Discussion
The transient nature of key steps of the catalytic cycle of type II topoisomerases has hindered a deeper understanding of the reaction mechanisms of these enzymes. Therefore, we developed single-molecule fluorescence methods that were capable of visualizing the individual steps of the topoisomerase II-mediated DNA cleavage reaction. These methods allowed us to dissect the operational and regulatory mechanisms of the DNA cleavage reaction, which is summarized in SI Appendix, Fig. S20 and below.
It has long been known that type II topoisomerases cleave DNA in a sequence-dependent manner (3, 5, 24) , but the mechanistic basis for G-segment selection was not apparent. We found that the cleavage reaction of type II topoisomerases proceeds through three ordered steps: DNA binding, bending, and cleavage. DNA bending was observed only in specific sequences that could be cleaved by the enzyme, while binding was not (Fig. 2 A-C) . This finding suggests that the G-segment is selected by topoisomerase II via an "indirect readout" mechanism-by the physical properties, or deformability, of a DNA sequence, as opposed to the chemical information stored in the DNA sequence (46, 47) . Consistent with this conclusion, recent high-resolution crystal structures indicated few direct interactions between DNA bases and eukaryotic topoisomerase II (27, 30) .
The use of divalent metal cations by type II topoisomerases for their ATPase, cleavage, and ligation activities has been known for decades (3, 5, 32, 48) . Our observations revealed an unexpected role of divalent metal ions in the operation of type II topoisomerases. DNA bending by hTopoIIα required the active site divalent cations, and this metal ion-dependent global conformational change was an intermediate reaction step en route to DNA cleavage. Furthermore, we showed that the highly conserved acidic residues in the TOPRIM domain are critical for the proper bending of gate-DNA.
Topoisomerase II coordinates cleavage of the two scissile bonds of the gate-DNA, but the mechanism underlying this coordination was not clear (25, 26) . We observed that a singlestranded break increased the bending state lifetime dramatically, suggesting a unique biophysical mechanism by which the two independent cleavage events in the cleavage site are coordinated: cleavage of the first strand increases the flexibility of DNA, and as a result enhances the probability of the second strand cleavage by maintaining the DNA substrate in a cleavage-competent bent conformation (26) . There have been intriguing questions about the coupling mechanism of DNA cleavage and N-gate clamping. We found that the rate and degree of gate-DNA bending are greatly enhanced in the presence of AMPPNP, resulting in stimulated cleavage and opening of gate-DNA. Therefore, the cleavage and opening reactions of gate-DNA are well coordinated with the N-gate clamping motion of the enzyme through modulation of DNA bending. Through this tight control of DNA cleavage/opening processes, the probability of an accidental double-stranded breaks can be minimized, resulting in a protection of the genome from cytotoxic lesions caused by a misoperation of type II topoisomerases.
Materials and Methods
Detailed information on single-molecule measurements and determination of kinetic rates are available in SI Appendix, Materials and Methods.
Wild-type and mutant human topoisomerase IIα proteins were expressed in Saccharomyces cerevisiae JEL1Δtop1 cells and purified as described previously (49, 50) . HPLC-purified DNA strands were purchased from Integrated DNA Technologies except the phosphorothiolate modified DNA strand, which was purchased from Purimex. DNA oligonucleotides (SI Appendix, Fig. S1 ) were labeled at the amine group of an internal amino modifier (dTC6) with either Cy3 or Cy5 (51) . DNA duplexes were annealed by slowly cooling the mixture of the biotinylated strand and nonbiotinylated strand in 2∶3 molar ratio at 10 μM concentration in a buffer containing 10 mM Tris-HCl (pH 8.0) and 50 mM NaCl.
